Background For mitral valve repair, minimally invasive cardiac surgery as well as transcatheter valvular intervention have been developed. Under these conditions, threedimensional transesophageal echocardiography (3D-TEE) plays a key role for planning the surgical treatment strategy. However, few data exist regarding the role of 3D-TEE in mitral valve repair. Therefore, we examined the impact of 3D-TEE on procedural success of mitral valve repair.
Abstract Background For mitral valve repair, minimally invasive cardiac surgery as well as transcatheter valvular intervention have been developed. Under these conditions, threedimensional transesophageal echocardiography (3D-TEE) plays a key role for planning the surgical treatment strategy. However, few data exist regarding the role of 3D-TEE in mitral valve repair. Therefore, we examined the impact of 3D-TEE on procedural success of mitral valve repair.
Methods and results
We examined 86 consecutive patients who underwent mitral valve repair for degenerative mitral valve prolapse. Among them, 39 patients were examined by only two-dimensional transesophageal echocardiography (2D-TEE) and 47 patients underwent 3D-TEE in addition to 2D-TEE. The cardiac surgeons and physicians discussed the repair procedure preoperatively with the echocardiographic images. As a result, 18 patients of the 2D-TEE group and 37 patients of the 3D-TEE group underwent mitral valve repair by small thoracotomy including robotic approach. Simple repair was done in 21 with 2D-TEE and 21 with 3D-TEE and complex repair was done in 18 with 2D-TEE and 26 with 3D-TEE.
Introduction
Mitral valve repair has become a standard procedure for the treatment of degenerative mitral valve disease. Moreover, less-invasive treatments, including minimally invasive cardiac surgery as well as transcatheter valvular intervention, have recently been developed [1] . In this regard, precise assessment of the etiology of mitral regurgitation and the morphology of mitral apparatus are crucial for determining the optimal surgical strategy including surgical approach and improving the postoperative outcome. Transesophageal echocardiography (TEE) is performed in standard examination to assess the mitral as well as aortic valve morphology [2] . Particularly, three-dimensional (3D) echocardiography provides detailed information, including clear visualization and quantitative assessment of mitral apparatus [3] [4] [5] [6] . Recent data showed that findings from 3D echocardiography are well correlated with operative findings during mitral valve repair in comparison to two-dimensional (2D) echocardiography [7] [8] [9] . However, few data exist regarding the clinical role of 3D-TEE in mitral valve repair. Therefore, we examined the impact of real-time 3D-TEE on the selection of surgical strategy and postoperative outcome.
Methods

Patient population
The protocol of the present study was approved by Institutional Review Board of Kanazawa University and written informed consent was obtained from all of the patients. We retrospectively analyzed the data from consecutive patients with severe mitral regurgitation due to degenerative mitral valve prolapse that was primarily diagnosed by transthoracic 2D echocardiography. Those patients met indications for surgical mitral valve repair and were suitable for preoperative TEE. Patients with more than mild mitral valve stenosis, defined as mitral valve area \1.5 cm 2 , were excluded because mitral valve replacement is definitively indicated [10] . Additionally, we excluded the patients with more than mild aortic stenosis or regurgitation, atrial septal defect, mitral regurgitation due to other etiologies, malignant tumors, and patients without confirmed operative records or transthoracic echocardiography (TTE) after surgery.
Echocardiography
Two-dimensional transthoracic and transesophageal examinations were performed using an iE33 ultrasound system (S5-1 or X5-1 probe for TTE, S7-2 Omni probe for 2D-TEE; Phillips Medical Systems, Andover, MA, USA) or an Aplio ultrasound system (Toshiba Medical Systems, Tokyo, Japan). Real-time 3D-TEE was performed using an iE33 system with transesophageal probe (model X7-2t, Phillips Medical Systems, Andover, MA, USA). TTE and TEE images were obtained according to the guidelines of the American Society of Echocardiography [11] [12] [13] [14] .
All patients underwent comprehensive TTE as well as TEE preoperatively. Afterwards, we also performed TEE during the operation. Briefly, a couple of days before surgery, patients had TTE to determine left atrial, left ventricular diastolic, and left ventricular systolic dimensions, and to assess cardiac functions by standard procedures [13, 14] . We then performed TEE. Subsequently, the surgeons reviewed both 2D and 3D echocardiographic images of all the patients preoperatively. We again performed TTE just after mitral valve surgery. Selection of 2D-TEE alone or additional 3D-TEE examinations depended on cardiologists' decisions in a non-randomized fashion.
Surgical procedures and follow-up
Mitral valve repairs were performed by three surgeons via median sternotomy or small right thoracotomy including robotic surgery. Surgical techniques for mitral valve repair included triangular or quadrangular resection, sliding technique, folding plasty, chordal reconstruction, edge-toedge technique, and patch closure for leaflet perforation.
All repairs were accompanied by mitral annuloplasty with rings. In the present study, simple mitral plasty included resection or folding plasty of single-segment leaflet with or without sliding technique, edge-to-edge technique, annuloplasty. Complex mitral plasty included chordal reconstruction such as replacement of chordae tendinae with Gore-Tex neo-chordae or transfer of chordae on leaflet, and one or more techniques for simple cases or multi-segment leaflet with chordal reconstruction or edgeto-edge technique [15, 16] . Concomitant procedures consisted of tricuspid valve repair, coronary artery bypass grafting, and Maze procedures. The etiology of mitral regurgitation and the prolapsed site of mitral valve were determined by the surgeons with surgical inspections. For the patients' follow-up, we performed comprehensive TTE within 1 year after surgery.
Statistical analysis
Continuous data are shown as mean ± SD, and categorical variables are expressed as absolute numbers (%). Continuous variables were analyzed by Student's t test and categorical variables were done by Chi-square test. We used standard software for analysis (SPSS 19.0 for Windows, SPSS Inc, Chicago, USA). Statistical significance was considered when p \ 0.05.
Results
Patient characteristics
Successful esophageal insertion was achieved in all patients without procedural complications. The acquisition of real-time 2D and 3D echocardiographic data were completed in approximately 15 or 20 min, respectively. From 2008 to 2013, there were 86 patients (49 males, mean 58 ± 14 years) with severe mitral regurgitation, which was met with the present inclusion criteria. All patients met indications for surgical mitral valve repair, and were suitable for preoperative TEE.
Among them, 39 patients (22 males, mean 60 ± 15 years) had 2D-TEE examination alone, and 47 patients (27 males, mean 57 ± 13 years) had 3D-TEE in addition to 2D-TEE. There were no differences in sex, age, body surface area, systolic and diastolic blood pressure, and plasma brain natriuretic peptide levels between two groups (Table 1 ). There were also no significant differences in the presence of hypertension, diabetes, ischemic heart disease, and atrial fibrillation. Moreover, the number of patients with NYHA functional class III/IV were not different between two groups. As for the morphology of mitral valve prolapse, 74 patients had fibroelastic deficiency [17] (Fig. 1) . Under these conditions, commissural prolapse was more frequently observed in the 3D-TEE group than those in the 2D-TEE group, although there were no significant differences in number of patients with anterior and posterior leaflet prolapse, traditional Barlow's disease [17] , and endocarditis.
As for pre-operative conventional echocardiographic parameters, there were no significant differences in left atrial, left ventricular diastolic, and left ventricular systolic dimensions. As a result, left ventricular ejection fraction was not different between the two groups. There were no differences in transmitral flow pattern, E/E', and estimated right ventricular systolic pressure. Importantly, mitral annular diameters were not different between the two groups. This suggests that preoperative cardiac function was not different between patients with 2D alone or additional 3D-TEE examination (Table 1) . 
Surgical procedures
All patients underwent successful mitral valve repair documented by intra-operative 2D or 3D TEE. No patients died 90 days after operation. Under these conditions, 18 patients in the 2D-TEE group and 37 patients in the 3D-TEE group underwent mitral valve repair by small thoracotomy including robotic approach. As for surgical procedures, 21 patients in the 2D-TEE group and 21 patients in the 3D-TEE group received simple repairs (NS), and 18 patients in the 2D-TEE group and 26 patients in the 3D-TEE group received complex repairs (NS) ( Table 2 ). After surgery, no patients had systolic anterior motion of the mitral valve. Importantly, three patients of the 2D-TEE group had to undergo reoperation during the follow-up period of 1 year due to recurrent severe mitral regurgitation and hemolysis with dehiscence of the annuloplasty ring, although no re-operation was found in the 3D-TEE group (Fig. 2) .
Discussion
In the present study, we performed preoperative 2D or 3D-TEE examinations for mitral valve repair for prolapse. Based on these echocardiographic findings, surgeons performed simple or complex repairing procedures. As a result, there were cases who needed re-operation due to recurrence of mitral valve regurgitation in the 2D-TEE group, although short and mid-term outcomes were quite acceptable in the 3D-TEE group in spite of small thoracotomy. These results suggest that the use of 3D-TEE is helpful for surgeons in deciding the repairing procedures for mitral valve prolapse.
Mitral valve repair is superior to mitral valve replacement in operative mortality and long-term prognosis [18] . Under these conditions, pre-operative assessment of mitral apparatus is important for improving operative success. Moreover, minimally invasive cardiac surgery has been developed, and better surgical outcomes and prognoses are expected using them [19] .
In that case, real-time 3D-TEE could help surgeons to decide the surgical approach, the surgical technique for mitral repair, and repair complexity [20] [21] [22] [23] [24] [25] .
In this study, the repair complexity was almost the same between the 3D-TEE group and the 2D-TEE group, although most of the patients, actually 79 % in the 3D-TEE group, were selected for the small thoracotomy including robotic surgery. Under these conditions, no patients underwent reoperation due to recurrent mitral regurgitation in the 3D-TEE group, while three patients in the 2D-TEE group did. This may be partly explained by the fact that 3D-TEE could yield precise assessment of mitral valve morphology. Actually, there were no significant differences in other clinical parameters between the 2D-TEE and 3D-TEE groups except for the presence of commissural leaflet prolapse (Table 1) . Thus, we would suggest that pre-operative 3D-TEE could offer a useful platform for repair complexity, contributing to improvement in mitral valve repair rates. It was intriguing to point out that even with 2D-or 3D-TEE there were no patients who had to have mitral replacement instead of mitral repair due to a mismatch between preoperative repair planning and actual structural complexity. A previous study indicated that a significant proportion of patients underwent mitral valve replacement, because of unfavorable anatomy or failure of conservative surgery [26] . Under these conditions, 2D-TEE still provides detailed information on mitral morphology allowing the well-trained cardiologist to accurately determine valve complexity. In this point of view, preoperative 3D-TEE can provide the surgeon as well as cardiologists precise information of mitral morphology for repair. In the present study, surgeons chose small thoracotomy more frequently for patients with 3D-TEE than those with 2D-TEE alone, suggesting some advantage of 3D-TEE to obtain precise information of mitral morphology for repair. Additionally, some of the patients who underwent only 2D-TEE experienced a recurrence of mitral regurgitation with dehiscence of the annuloplasty ring, although the precise reason why such recurrence occurred in these particular cases remains unclear. The combination of 2D-and 3D-TEE can further provide detailed information about mitral apparatus.
Clinical implications and limitations
The present study demonstrates the significance of the prospective documentation of valve analysis, and application of surgical approach and the classification of repair complexity. In other words, 3D-TEE enables surgeons to assess the complexity of mitral valve repair, and to choose a surgical approach including minimally invasive surgery.
There remain several limitations in the present study. First, this is a non-randomized observational study performed in a single center. However, even under these conditions, 3D-TEE might contribute to improving surgical success. Further large-scale studies will confirm the present results. Second, three independent surgeons performed mitral repair, which could affect the results. However, all three of the surgeons are certified by the Japanese Board of Cardiovascular Surgery, suggesting an almost equal surgical skill among them. Third, the surgical findings were subjective by visual inspection, and it is difficult to define repair complexity. Further study with quantitative parameters such as prolapsing height and leaflet surface area may be useful to predict the complexity of mitral valve repair.
Conclusions
These results demonstrate that 3D-TEE is helpful in assessing the morphology of mitral apparatus and complexity of mitral valve repair, particularly in minimally invasive cardiac surgery including robotic ones. We suggest that sonographers, cardiologists, and cardiac surgeons should be familiar with 3D-TEE and work together through the perioperative period for better outcomes.
